INTRODUCTION
Polymer-based additive manufacturing (AM) or 3D printing technologies such as Micro-stereolithography (MSL) and Fused Deposition Modeling (FDM) are part of a group techniques emergent from earlier rapid prototyping technologies which are receiving increased attention as enabling techniques for applications such as tissue engineering [1] , microfluidics [2] and chemical reactors [3] . MSL utilizes photosensitive polymer resins, which are solidified using either a laser or projection light source in a layer-by-layer fashion. In this way a 3D object is built-up to replicate the structure of a digital design [4] . FDM employs extrusion of thermoplastic polymers to create a 3D filament network representing a digital design [5 Several methodologies can be adopted when considering the use of AM in relation to sensors, i) structures can be printed which improve the functionality of an existing sensor, ii) structures can be printed that undergo post-processing steps to achieve a functional sensor, iii) functional materials can be directly printed and then a sensor assembled (using a mixture of AM and non-AM parts or exclusively AM parts) or iv) multi-material direct printing, where functional materials are printed along with structural materials as part of the same process [6] .
II. ACOUSTIC
Ultrasound can be both generated and detected by use of a piezoelectric ceramic. Passing an alternating current through a piezo it causes it to vibrate at a high speed and to produce ultrasound via the piezoelectric effect [7] . The use of AM techniques to add matching layers to a piezoelectric ceramic has also been investigated and MSL has been used to print ¼ wave matching layers [8] . This is an example of using AM technology to improve the functionality of an existing sensor.
Piezoelectric Ceramic Fabrication -MSL MSL has been used to manufacture piezoelectric elements directly [9] . As an example of using AM technology to produce a structure that is post-processed to yield a functional sensor, a photosensitive acrylic MSL resin was formulated and loaded with a piezoelectric material 0.65Pb(Mg ⅓ Nb ⅔ )O 3 -0.35PbTiO 3 and used to produce a composite structure faithfully replicating a CAD representation ( Fig. 1a and 1b respectively). After manufacture, the composite structure was thermally treated to remove the solidified polymer matrix and then heated at higher temperature (1250 °C held for 1.5 hours) to sinter the piezoelectric material.
2D piezoelectric arrays are of importance in medical imaging and non-destructive testing [10] . A laser vibrometer has thus been used to study this in a manufactured array by exciting one particular element (element 11) (Fig. 1d) , and scanning the vibrometer onto other elements (7 and 13) in the array and measuring the vibration amplitude as a function of position (Fig. 1e , upper and lower respectively), It is evident that the cross-coupled signal reduces with distance away from the excited element. This is consistent with both mechanical and electrical cross-coupling. Other piezoelectric devices have been built without tooling or recourse to additional equipment or processes, and have effectively detected and generated ultrasound in the MHz range [9] . 
III. FLUID FLOW
The design of flow measurement systems represents an interesting engineering challenge, from design of the flow sensor itself to the development of transducers systems [11] .
A. Flow Sensor -MSL
In order to demonstrate the use of AM techniques in the production of flow measurement devices, a novel composite polymer resin for use with MSL systems was developed [12] . The resin incorporated a loading of magnetite nanoparticles. The developed material was used to print a magnetite composite impeller to sit inside a sensor body produced using a standard MSL resin material (Fig. 2a and 2b) . The magnetic properties of the new material were used to produce a device that exhibits a rotating magnetic field whose frequency is proportional to the flow rate of a liquid through the device. The rotation (and therefore flow rate) is externally detected using a magnetic field sensor. Using this setup, the frequency of rotation of the flow sensor was recorded against the flow rate of water through the device (Fig. 2c) . 
B. Flow Sensor -FDM
Utilising the same operating principle as that employed for the production of a flow sensor via MSL, a flow sensor was also produced using FDM [13] . A sensor was designed as a direct replacement for a commercially available flow sensor, which detects impeller rotation via a hall-effect sensor. Magnetite nanoparticles (Fig. 3a) were dispersed in a polycaprolactone thermoplastic matrix via solution dispersion. The resultant composite was processed into a filament feedstock for a commercial desktop FDM system. Unlike the MSL flow sensor where the entire impeller was composed of functional material, the magnetite thermoplastic was used to add two layers of functional material to an Acrylonitrile Butadiene Styrene (ABS) printed impeller in the same print process using the multi-material capability of the FDM system (Fig. 3b) . When tested against the equivalent commercial sensor, the printed sensor showed good correlation. Both examples of flow sensors demonstrate the viability of AM technology for the rapid production of functional sensors. Using AM technology, designs can be iterated quickly or sensors replaced quickly with short lead times and complete flexibility in design. Both of these devices are examples of directly printing functional materials for assembly into a sensor device. 
IV. ELECTRONIC
The incorporation of electronic circuitry inside objects produced by AM has long been an important developmental goal for AM technology [14] . To demonstrate the incorporation of functional sensors into AM manufactured devices, we formulated a simple conductive thermoplastic composite termed 'carbomorph' using carbon black (Fig. 4a  and b ) in a matrix of polycaprolactone. The carbon black particles were dispersed in the matrix via solution dispersion. The resultant composite was then formulated into a feedstock filament for a desktop FDM system with multi-material capability ( Fig. 4c and d) . The loading of carbon black within the polymer matrix was optimized so as to be easily printable by the desktop FDM without modification (Fig. 4e) . Fig. 4 . a) Carbon black particles, b) scanning electron microscopy of carbon black particles, c) 3 mm composite feedstock filament (black), d) scanning electron microscopy image of carbon black composite filament, e) extrusion of composite through FDM nozzle and f) single print games controller using carbon black composite for capacitive touch sensing.
The composite was used to produce components containing flex sensors and capacitive sensors for fluid level sensing and for human-computer interface (Fig. 4f) [15] . The use of a multi-material capable FDM system with an electrically conductive material demonstrated the potential of AM technology for creating whole products incorporating sensors, without requirement for manual or lengthy assembly. This is an example of multi-material direct printing, where functional materials are printed along with structural materials as part of the same process.
V. CHEMICAL
There is wide interest in chemical sensing techniques, especially in gas and vapor sensing technologies covering a wide variety of applications including, environmental monitoring, process control and food safety [16, 17] To demonstrate the production of a functional chemical sensor using AM technology, a vapor sensor was selected as a target device [18] . To create a chemiresistive material, carbon black particles were dispersed in a custom formulated polyethylene glycol (PEG) based photosensitive MSL resin. Using a custom-built multi-material MSL system, the material was used to produce a multilayer device comprising of a PEG resin base and carbon composite functional layer ( Fig. 5a and b) . After manufacture, the devices were connected to a custombuilt measurement circuit and vapor test rig and exposed to a range of chemical vapors. The devices showed good responses to the vapors with viable response rates and temperature dependence. Again, this is an example of multi-material direct printing, where functional materials are printed along with structural materials as part of the same process. 
CONCLUSIONS
A range of sensors produced using AM techniques in unison with specially developed polymer composite materials has been presented. The use of AM technology allows for rapid development and deployment of sensors, while facilitating the ability to adopt a range of architectures and geometries. Furthermore, AM technology allows sensors to be incorporated inside and as part of products and components during manufacture. Work is ongoing to further improve the functionality of manufactured devices and establish a full range of printable functional materials.
